In this study, we employed the interacting boson model comparing the results it was observed that they were in good agreement with each other. The γ -band energy staggering in low-spin, back bending effect, low energy spectra of even-even Mo, Ru, and Pd nuclei is also discussed.
Introduction
The interacting boson model (IBM) model [1, 2, 3, 4, 5] proposed in 1974, is now 40 years old and has undergone many tests [6, 7] . The quantum shape-phase transition as well as the structural evolution of the low-lying states of nuclei can be investigated, as a function of proton and/or neutron number within the framework of an interacting boson model. This kind of analysis has usually been carried out in the IBM-1, in which no distinction is made between proton pairs and neutron pairs. The nuclear shape among which the transitions take place is associated with SU(5), O (6) , and SU(3) dynamic symmetries of the IBM-1 model.
A new classification scheme was provided, all nuclei being distributed on the border of a symmetry triangle [8] . The vertices of this triangle symbolize the SU(5) (vibrator), O(6) (γ -soft), and SU(3) (symmetric rotor), while the legs of the triangle denote the transitional region. It was proved that on the SU(5)-O(6) transition leg there exists a critical point for a second order phase transition, while the SU(5)-SU(3) leg has a first order phase transition [9, 10] . It was proved that most nuclei are mapped not on the border of the symmetry triangle but in the interior of the triangle [11, 12] . Examples of such nuclei are the Os and Th isotopes [13, 14] Iachello [15] pointed out that these critical points correspond to distinct symmetries, namely, E(5) and X (5) . For the critical value of an ordering parameter, energies are given by the zeros of a Bessel function of half integer and irrational indices [16, 17, 18] . The X(5) description was extended to the first octupole vibrational band in nuclei close to axial symmetry and also close to the critical point of the SU(5) to SU(3) phase transition [19] . Other symmetries are Y(5) and Z(5) [20, 21] . The former symmetry corresponds to the critical point of the transition from axial to triaxial nuclei, while the latter is related to the critical point of the transition from prolate to oblate through a triaxial shape.
The odd-even staggering (OES) effect observed in the γ -bands is among the most sensitive phenomena carrying information about the symmetry changes. It is quite strongly pronounced in nuclear regions characterized by SU (5) and O (6) and relatively weaker in nuclei near the SU(3) region. In the framework of interacting boson model (IBM), the OES effect has been explained as the result of the interaction between the even angular momentum states of the γ -band and the respective states in the ground state band (gsb) united in the vector boson model with broken SU(3) symmetry [22, 23] . The purpose of this paper is to set some even-even nuclei around the mass region A ∼ = 100. The neutron-rich even-even Mo, Ru, and Pd isotopes around the mass region A ∼ = 100 are very important for understanding the gradual change from a spherical to a deformed state via a transitional phase [24] . We shall also discuss the properties of the IBM-1 and comparison with the IBM-2 and soft rotor formula (SRF).
The outline of the remaining part of this paper is as follow: The theoretical background of IBM-1 is reviewed in Section 2, the E2 and B(E2) transitions are described in Section 2.1, and the soft rotor formula is reviewed in Section 2.2. The calculated energy values and B(E2) values are compared with the experimental and other dynamical symmetries (SU(3), SU(5), O(6), and X(5)) limits in Section 3. We discuss the calculated and experimental γ -band energy staggering pattern as a function of angular momentum in Section 3.1 and the back bending effect in Section 3.2. The last section, Section 4, contains some concluding remarks.
The interacting boson model
There are several equivalent ways of writing Hamiltonian H [3] . The most general Hamiltonian that has been used to calculate the level energies is
where The computer program code PHINT [25] was used for the construction of the IBM-1 Hamiltonian and for its solution in the SU(5) basis. The input parameters EPS, PAIR, ELL, QQ, OCT, and HEX are presented in Table 1 related to the coefficients ϵ, a 0 , a 1 , a 2 , a 3 , a 4 , respectively, ( EP S = ϵ, P AIR = a 0 /2, ELL = 2a 1 , [26] . The parameters are free parameters that have been determined so as to reproduce the excitation-energy of all positive parity levels as closely as possible. The interacting boson model has a very definite group structure, that of the group U(6). Different reductions of U(6) give 3 dynamical symmetry limits known as harmonic oscillator, deformed rotor, and asymmetric deformed rotor, which are labeled by U(5), SU(3), and O(6), respectively,
The energy eigenvalue for 3 chains are
The E2 and B(E2) transitions
For the E2 transitions one uses the transition operator T(E2), which is related to the quadrupole operator Q of the Hamiltonian
Also the charge parameters α(= e b ) and β(= e b χ) in Eq. (2) are called E2SD and E2DD, respectively. In the consistent Q formalism [27] , one uses the same form of the quadrupole operator for the Hamiltonian as well as the T(E2) operator (i.e. the same value of χ). For this, one employs the level energy data as well as the B (E2) values to determine the parameters of H and T(E2). In the alternative procedure, one uses the SU(3) value of χ for the Hamiltonian and the variables α and β (or χ) for the T(E2) operator.
The B(E2) branching ratio for 2 transitions from a particular level in a given band to the 2 states of other band i.e. (I i → I f /I f ), depends on the Alaga value [28] . In the SU(3) [3] these rules are slightly modified because the (γ → g) and (β → g) transitions are prohibited, but in slightly broken symmetry the (γ → g) transition should be faster than the (β → g) transition. The observed B(E2) ratios are obtained from the γ -ray spectrum data, using the relation [29] B(E2;
where I γ and I 
Soft rotor formula (SRF)
Brentano et al. [30] obtained the 2-parameter formula called the soft rotor formula (SRF)
The values of α and β are calculated by fitting 2 Figure 1 shows the variation in energy ratio R 4/2 = E(4 In particular, Ru isotopes have recently been investigated within the IBM-1 model [33, 34] . Troltenier et al. [35] also studied the Ru isotopes by using the "geometrical" general collective model (GCM). According to their study the isotopes were found to exhibit spherical structure with a tendency to triaxiality. It is proposed that change in structure is related to experimentally strong neutron-proton interactions. It is also suggested that the neutron-proton effective interactions are of spheriphying nature [36, 37] . The ratio of the energies of the first 4 • band − •g band − • band
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γ -Band energy staggering patterns as a function of angular momentum
For the study of the staggering effect we consider the following 3-point formula [38] :
where E(J) denotes the energy of the level with angular momentum J . The odd-even staggering is shown in Figure 10 (3) to O(6). Hence odd-even staggering is pronounced with large amplitude. From the above details we deduce that for the considered nuclei the increasing neutron numbers and decreasing proton numbers lead to a systematic suppression of the odd-even staggering effect in the γ -bands. In such a way a region of a better formed rotation structure in these bands is outlined [39] .
We used another test of triaxiality on the basis of energy relation ∆E 1 = E(3
[14] for triaxial nucleus and ∆E 2 = E(3
] for γ -soft nucleus given by Wilets and Jean 
Back bending
The discrete derivatives of the resulting energies with respect to the angular momentum [41] are
Alternatively, the angular velocity can also be defined by using the expression for E(J) provided by symmetric rotor Hamiltonian: Then the discrete derivative of this expression yields
from where one derives a simple expression for the moment of inertia:
The back bending plot is shown in Figures 11-13 show backbending effect at J = 8 + . Similarly in Figure 13 , 98−106 Ru isotopes also show this backbending effect below J = 12 + . It means there is a band crossing and this is also confirmed by calculating the staggering effect of these isotopes. A disturbance of the angular band structure has been observed not only in the moment of inertia but also in the decay properties. 
Conclusion
The results of this work show that the IBM-1 provides a good description of even-even Mo, Ru, and Pd isotopes of the nuclei. The results of our phenomenological analysis indicate that the interacting boson model can reproduce a considerable quantity of experimental data. It gives useful indications where data are lacking. One observes the transitions between 3 limit symmetries of the model, corresponding to different nuclear shapes along the isotopes chain, collective levels, and electromagnetic transitions between them. The calculated level structure of the 102−108 Mo isotopes in empirical IBM-1 provides fairly good energy fits for the g-, γ -, and β -band, while the moment of inertia related to E(2 + 1 ), the B(E2; 2 1 → 0 1 ) and the quadrupole moment and energy ratio R 4/2 do correspond to the deformed nuclei. The shape transition predicted by this study is consistent with the spectroscopic data for these nuclei.
102−108 Ru are the typical examples of the isotopes that exhibit a smooth phase transition from vibrational nuclei to the γ -soft nuclei. The predictions show that 102−108 Ru isotopes are lined up along the SU(5)-O(6) side of the IBM triangle. In the above discussion we also observed the back bending and odd-even staggering effect in the gamma-bands.
As seen in Table 2 , estimated B(E2) transitions are mostly in agreement with the IBM-2 and experimental values. Table 3 is devoted to the description of the triaxial nuclei. In the table we calculate the most distinctive signature of the triaxial rigid rotor relating the energies of the 3 particular states. The deviations obtained suggested that some isotopes have a near triaxial nature. Bending for Mo and Pd isotopes has been observed at angular momentum 8 + and bending for Ru isotopes observed at angular momentum 12 + .
